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PLATES  VI-IX. 
It is seldom that what seems an undoubted and established fact in 
biology  receives  universal  acceptance.  There  are  nearly  always 
those who find reasons  for antagonizing it.  Thus,  in  the subject 
titled,  the view has been held since the days of Corvisart that the 
stimulus to hypertrophy is increased work on the part of the organ 
concerned.  But there are two prominent investigators who oppose 
this conception. 
Horvath  (I)  maintains  that  there  is  no  scientific  proof  that  hypertrophy  ]~ 
due  to  increased  work  and  that  there  is  no  relation  between  the  size  of  an 
organ  and  the  amount  of  work  which  it  has  to  perform.  He  points  out  that 
the  muscles  of  mastication  and  the  diaphragm  are  smaller  relatively  than  the 
amount  of work  which is  demanded  of  them.  The  uterus  hypertrophies  during 
pregnancy, yet  it does not perform  work  while  enlarging. 
Horvath's explanation of hypertrophy has its fundamental basis in the accept- 
ance  of  Fick's law,  which holds that muscles  elicit more  or  less  work  according 
to  ihe  degree  to  which  they  are  stretched.  He  believes  that  hypertrophy  can 
occur  o~ly  if  the  stimulus  to  contraction,  or  the  contraction  itself,  results  in  a 
stretching greater than normal.  He sees in this extension a  stimulus which has a 
twofold  action.  It incites to increased contraction and also to  increased  growth. 
These  results  are  related  not  in  the  sense  of  cause  and  effect,  but  only  in  that 
they have  a  common  origin. 
Of  an  entirely  different  nature  is the  hypothesis  advanced by  Albrecht  (2). 
This  author  made  an  extensive  histological  study  of  the  hypertrophic  heart 
muscle,  and  his  observations  have  led him  to  refute  the  mechanical  theory  of 
hypertrophy.  This  theory,  according  to  Albrecht,  will  not  explain  the  fact 
that, in cases of idiopathic hypertrophy, we may find an enormous  increase in the 
size  of  the heart  without  any known  agent  which  can increase  its  work;  while, 
on  the  other hand,  in valvular  disease,  in which undoubtedly the heart  is  work- 
ing  under  great  difficulty,  there  is  never  such  an  extensive  enlargement.  He 
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has  found  also  that  the hypertrophic  changes  may be localized in  such  different 
situations  of  the  heart  that  a  functional  relationship  cannot  be  held  to  exist 
between them.  He further  supports his contention that hypertrophy is not a  com- 
pensatory  process  by the  fact that  the  enlargemen.t  of  the  muscle  fiber  depends 
entirely  on  an  increase  of  its  sarcoplasm  and  not  on  the  contractile  elements; 
viz., the fibrill~e. 
Albrecht  bases  his  theories  on  the  following  facts.  There  is  uniformly  an 
increase  in  the  amount  of  connective  tissue.  The  muscle  cells  are  vacuolated, 
the  nuclei  often  double,  and  there  is  a  degeneration  of  the  anisotropie,  and 
an  increase  of  the  isotropic  portion  of  the  muscle  elements.  He  interprets 
these lesions as being of an inflammat'ory nature,  identical with  the hypertrophic 
conditions  of  the  liver  cells  which  Virchow  found  in  the  early  stage  of 
inflammation. 
In  the  present  article  we  wish  to  deal,  not  with  the  primary 
cause  of hypertrophy,  nor with  its mechanism,  but  with  one phase 
of it: first, the development  of the reactive processes  known as hy- 
pertrophy,  in  point  of  view  of  time  after  the  establishment  of  a 
condition  favorable to its onset; secondly, the question of co-hyper- 
trophy;  and  thirdly,  the  relation  which  the  altered muscle  bears  to 
the normal. 
METHOD  OF  INVESTIGATION. 
In  order  to  obtain  a  condition of  hypertrophy  of  the  heart,  the  most  certain 
method  is  the  production  of  an  aortic  insufficiency.  This  procedure  has  been 
used  by most  investigators  of this  subject,  but,  whereas  previously a  sound  was 
used  to  rupture  the  aortic  valves,  in  the  present  work  the  valvulotome  devised 
by MacCallum  (3)  was employed.  This instrument  possesses  the distinct advan- 
tage  over  the  sound  in  that  the  extent  of  the  lesion  produced  is  always  the 
same;  namely,  a  complete  division  of  the  cusp.  A  uniformity  in  the  extent 
of  the  lesion  is  essential  since,  as  was  shown  by  Hasenfeld  and  Romberg  (4), 
the  alteration  in  the  work  which  the  heart  has  to  perform  and,  presumably, 
also  in  the  degree  of  hypertrophy,  vary  with  the  extent  of  the  lesion.  The 
puncture  is  also  liable  to  be  completely  plugged  by  fibrin,  as  was  noticed  by 
Hirschfelder  (5)  and  by  the  author  (6).  Furthermore,  the  valvulotome  is 
superior to the  sound  in  so  far  that  any chosen  cusp  may be  destroyed,  whereas 
such  a  selection  is  impossible when the  latter  is  used. 
In this  series  of  experiments  the  animals  used  throughout  were  dogs.  They 
are  especially adapted  for this  purpose  since,  by  the use  of  the  valvulotome, an 
aortic  insufficiency carl be produced  with  great  ease  and  certainty.  The  instru- 
ment  is passed,  under  aseptic precautions,  down  the left carotid  artery  until  the 
point  reaches  the  sinus  of  Valsalva which  lies between the  posterior  aortic cusp 
and  the  anterior  mitral  segment.  It  is  now  passed  through  the  base  of  the 
cusp,  the cutting edge turned  toward  the lumen  of the  aorta,  and,  on  withdraw- 
ing  it,  the  cusp  is  completely  divided  in  two.  The  lesion  is  accompanied  im- 
mediately  by  the  development  of  the  so-called  collapsing  pulse  and  a  diastolic Hugh A. Stewart.  189 
murmur.  The  posterior  aortic  cusp  was  selected  since neither  of  the  coronary 
arteries open from the corresponding sinus  of Valsalva. 
Plate VI, Fig.  I, is a  semi-diagrammatic representation  of  the  nature of  the 
lesion produced by the valvulotome.  When the insufficiency has lasted any appre- 
ciable length of time, the cut edges of the damaged valve become thickened,  and 
the ends not infrequently project into the aorta,  as  shown in the figure. 
The  subsequent  development  of  hypertrophy  was  determined  by  the  use  of 
proportional weights; namely, the comparison of the proportional  weight of the 
heart  to  the  body weight in  the  normal  animal  and  in  the  animal  in  which  an 
aortic lesion had been  produced.  This method was  first used by W.  Miiller  (7), 
who showed that the human heart bears  an  almost constant  relation to the body 
weight  at  the  different  age  periods,  and  irrespective  of  the  state  of  general 
nutrition of the individual.  The same constancy in proportional weight has been 
found to be the most accurate method for a correct determination of the changes 
in  the  size  of  the  heart  produced  experimentally.  It  was  found  necessary,  in 
addition  to  the  proportional  weight of body  to  heart,  to  construct tables  show- 
ing  the  relation  of  the  different  segments  of  the  heart--left  ventricle,  right 
ventricle,  septum,  and  auricles--to the  body  weight  in  the  normal  animal.  By 
means  of these figures it is possible to  form an  estimate of  the changes  in  size 
of the whole heart,  or of a  segment of the same, which result from the valvular 
lesion. 
The  isolation  of  tile  different  segments  is  performed  briefly  as  follows: 
the  epicardial  fat  is first  removed and  the  vessels are  cut  close to  their  attach- 
ment to the heart.  The auricles are then removed by cutting along the auriculo- 
ventricular  junction.  The  separation  of  the  right  ventricle  from  the  left  is 
accomplished by  cutting  along  the  interventrieular grooves  anteriorly  and  pos- 
teriorly.  In order  to have a  uniform method  for the  separation  of the  septum, 
which  is  not  so  clearly  marked  off  from  the  left ventricle as  is  the  right,  the 
muscle  was  cut  radially  along the  incision  made  for  the  removal  of  the  right 
ventricle. 
The  anlmals  after  operation  were  kept  in  a  separate  room  with  a  yard 
attached and allowed to run about at will.  The hearts were examined at periods 
varying from four days  to three months. 
THE  PROPORTIONAL  WEIGHT  OF THE  NORMAL  DOG'S HEART  TO ITS 
BODY WEIGHT. 
As has been mentioned above,  attention was first called by W.  Miiller to the 
close  relationship  which  exists  between  the  weight  of  the  heart  and  the  body 
weight in  man.  Taking  the body  weight as  unity,  the proportion  of  the  heart 
weight  is o.oo567  .  From  an  examination  of  1,5oo bodies,  he  was  able  to  show 
that the  male human  heart  is  larger than  that  of  the  female,  and  further,  that 
the weight  of  the  heart  increases  slightly with age.  Miiller's results  have been 
amply confirmed by later  investigators and his method has  been  employed for a 
comparison  of  the  relative  size  of  the  heart  of  animals  of  different  species. 
Thus  Bergmann  (8)  found  that  a  constancy  exists  in  the  animals  of the  same 
species,  but  the  ratio  varies  greatly  with  animals  of  different  species.  So  far 190  Contribution  to  the Study  of Cardiac Hypertrophy. 
as  we  have been  able  to  gather  from the  literature,  only two  tables,  those  of 
Heinz  (9)  and  of  Joseph  (Io),  have  been  published,  giving  the  proportional 
weight  1 of the dog's heart.  These authors differ very materially in their results. 
Heinz  found  the  proportional  weight  io  be  o.oo97, while  Joseph  gives  it  as 
o.oo74.  Such  a  disparity  is  too  great  to  render  an  average of  the  figures  of 
value  in  the  determination  of  hypertrophy.  It  was  therefore  found  necessary 
to  make  an  independent  series  of  observations  for  conirols  and,  as  will  be 
shown later, the results  accord very closely  with  those  of Joseph;  viz.  0.00721. 
It is  not  improbable  that the  differences  recorded are  due,  as  Joseph  suggests, 
to a difference  of the breed of the animals used  for the experimentation in this 
country and  in  Germany. 
It  is  unfortunate  that  neither  of  these  authors  gives  figures  for 
the sectional weights of the  four heart segments, the value of which 
has  been  so  strongly  emphasized  by  Krehl  (Ii)  and  by  Grober 
(12)  for  the  detection  of  hypertrophy  of  a  single  chamber.  This 
information  for  the  normal  animal  is  supplied  in  the  present  re- 
search  and  gives us  a  standard  whereby the  changes  in  the  various 
segments  following  aortic  insufficiency  can  be  accurately  deter- 
mined. 
Table I  has been constructed  from the weighings  of twenty  nor- 
mal  dog's  hearts  and  gives  the  absolute  weight  in  grams  of  the 
body  and  the  whole  heart  and  of  the  four  segments  with  the  pro- 
portional  and  sectional weight. 
It will be noticed that, notwithstanding  the considerable difference 
in the  size of the  animals,  the proportional  weights vary only  from 
o.oo6o  9  to o.oo856,  the  average being o.oo721.  It is necessary at 
this  point  to  mention  that  subsequently,  when  dealing  with  hyper- 
trophic  hearts,  we  shall  not  regard  a  heart  as  enlarged  unless  it 
exceeds the highest value found in the series for the normal, namely, 
o.oo856 , which  is much in excess of the  average. 
Equally  constant  are  the  figures which  we have obtained  for the 
separate  segments.  The  highest  proportional  weight  of  the  left 
ventricle in our series was o.oo358, the lowest was o.oo226,  and the 
average was o.oo  315"  As in the case of the whole heart,  a  segment 
is to be  considered  hypertrophied  only  if  it  exceeds the  highest  re- 
It may be staied  here  that throughout  this paper  the  words  "proportional 
weight" will be frequently used,  and they are to be interpreted as an  abbrevia- 
tion  for "the ratio which  the  heart  weighi bears  to body weight."  The words 
"sectional  weight"  signify  the  " ratio  which  the  weight  of  a  given  segment 
bears to body weight." Hugh A. Stewart.  191 
u ~0~0  ~0 
.~ )  S.) 
%.~ 
•  rs '~ 
~s 
ga-~ 
~  ~~ 
~  ~~ 
_!o 
S.S. 
P. 
.~. 
~.~.~ 
~.f~ 
r~ 
~000000000000000000~ 
00000000000000000000 
00000000000000000000 
~o, oo ~o  ~--oo.~-  ....  ,~-,--.~OOOo~  ~ 
0000000000000000000 
0000000000000000000 
~  oo~  ~  ~  ~  ....  ~ 
0000000000000000000 
0000000000000000000 
~O r~ O  ~ ~D °D C~  OO O  ~"  OO ~  ~D ~  ~ ~O ~ ~O O  i  i 
oO oO eO O~ 0~ oO oD (~ ~  OD ~O oO oO O~ oO ~  OD OO C~ 
0000000000000000000 
0000000000000000000 
00000000000000000000 
00000000000000000000  0 
O0  00~0 
O~  1~000  ~0000 
*nO  0  lnu~in 
6 ~i4~6~  4i4~  ~  ~ 6 ~Ki4& 
& 
00000000000000000000 
0000~0~0000000000000 192  Contribution  to  the  Study  of Cardiac  Hypertrophy. 
!..-i 
Im 
.< 
5 
~o 
"d 
c3 
%. 
r~ 
~,.m"o,.m 
u  ~O~ 
~ '~ .~ .~ 
.~.~ ~ 
00000000000000000000~ 
000000000000000000000 
I 
00000000000000000000~ 
0000000000000000000  0 
i 
~'~-~=  ~  ..  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  01~ 
00000000000000000000  0 
0000000000000000000 
~.~0~  000000  O  O  00000000000  0 
0  .  00  o~  0  ~  ~0~0 oo  ~  0o0  ~o0  ~-oo,0  *'--  O~ o') ¢~  0 
~'~,.e  ~  0000000000000000000  0 
~.~  ........ 
~N  MM  NMMMMM  NM  NNN 
N 
~ 
..~.~  ~1  0  0  w~O  O0 Hugh A. Stewart.  193 
corded figure for the normal.  The average proportional weight for 
the septum is o.00166; for the right ventricle, o.oo158 ; and for the 
auricles, o.ooo8o. 
TIlE PROPORTIONAL  AND  SECTIONAL  WEIGHTS  AFTER  TIlE PRODUC- 
TION  OF AORTIC  INSUFFICIENCY. 
In table II are given the results of twenty experiments in which 
the posterior aortic cusp was divided and the animals were allowed 
to live for varying periods of time. 
If, irrespective of the duration of the lesion, an average be taken 
of the proportional weights of the series, it will be noticed that there 
is  an  increase  from o.00721  to  O.OlOlO in  the  total  heart.  The 
heart  is  approximately  one-third  larger  than  normal.  As  would 
be  expected,  this  increase,  as  shown  by  the  sectional  weights,  is 
mainly in the left ventricle and septum, but relatively there is seen 
to be a slight increase in the weight of the right ventricle and a dis- 
tinct  increase  in  the  weight  of  the  auricles.  This  point  will  be 
referred to  in  some detail later.  The  average  increase per  cent., 
as  shown in  table In,  is  40  for the total heart,  59.3  for the left 
ventricle, 33-7  for the septum,  lO. 7  for the right ventricle, and 50 
for the auricles. 
TABLE  nI. 
Comparison  of Proportional  and  Sectional  Weights in  the  Normal Animal  and 
after the Production of Aortic Insui~ciency. 
Normal heart ......... 
Hypertrophied heart  .. 
Increase  per cent  ..... 
Heart weight 
to body weight. 
O.OO72I 
O.OlOIO 
40.0 
Left ventricle 
weight 
to body weight. 
0.00315 
o.oo5oi 
59.3 
Septum 
weight to 
)ody weight. 
o.oo166 
0.00222 
33.7 
Right ventricle  Auricular 
weight  weight to 
to body weight, body  weight. 
0.00158  0.00080 
O.OOI7S  0.00120 
IO.7  So.o 
Heretofore,  an  explanation  of  the  cause  of  hypertrophy  of  the  left ventricle 
in  aortic  insufficiency  has  presented  no  difficulties  in  its  acceptance--it  was 
assumed  to  be  an  indirect  result  of  regurgitation.  Cohnheim's  (13)  and 
Rosenbach's  (14)  original  statements  have  been  accepted  without  modification. 
Because  of the insufficiency of the aortic valves, a  part  of the blood thrown  out 
during systole returns  to the ventricle during  diastole and the  following systolic 
output  is  augmented  by exactly  this  amount.  The  work performed  by  the ven- 
tricle being  roughly  the product  Of  the  systolic output  and  the  resistance  in  the 
aorta,  it  is  evident  that,  within  certain  limits,  the  greater  the  systolic  output, 194  Contribution to the Study  of Cardiac  Hypertrophy. 
the  greater  the  work  performed.  To  the  extra  work,  assumed  to  exist  in 
aortic  insufficiency following  the  increased  systolic  output,  was  attributed  the 
stimulant  to  hypertrophy.  This  explanation  was  rendered  the  more  plausible 
since  a  parallel  could  be  drawn  in  the  effects produced  by  insufficiency of 
the mitral  and tricuspid valves.  In both these lesions, the effect of the increased 
systolic output  is  to  cause  a  hypertrophy  of the  chamber  involved.  Accepting 
the  axiom  that  hypertrophy  has  its  fundamental  basis  in  increased  work,  we 
are  still compelled to modify the hypothesis originated  by Cohnheim and Rosen- 
bach in view of the fact that it has been shown experimentally that only a  small 
amount  of blood can  regurgitate  even  in  the  most  extensive  insufficiency. 
In a former paper  (I5), the author expressed the opinion that hypertrophy  of 
the  left ventricle  ir~ insufficiency of the  aortic  valves results  from the  increased 
work  induced  by  the  stimulating  effect  of  tension  on  the  ventricular  walls 
during  diastole.  It  is  unnecessary  to  repeat  here  the  arguments  in  support  of 
this  view.  It is  sufficient to  s/ate  that it  was shown that tension  applied to the 
ventricular  wall  during  diastole  (as  occurs  in  aortic  insufficiency),  is  a  most 
potent  factor  in  increasing  the  force  of  systolic contraction  and,  consequently, 
the  work of  the  left  ventricle.  The  hypothesis  of  Horvath  assumed  that  ten- 
sion in itself  was the  direct  cause  of hypertrophy,  but  we have no proof as yet 
that tension alone will cause hypertrophy.  It can do so only if, at the same time, 
it augments the activities of the muscle upon which it acts. 
The association of hypertrophy with  a  lesion of the  aortic valve 
is  so constant  a  feature  that  it  is  difficult,  at  first  sight',  to  explain 
the absence of hypertrophy in a  case in which an undoubted insuffi- 
ciency  of  the  aortic  valve  has  been  produced.  It  has,  however, 
been pointed out by h:rehl  (16)  thai such indeed can occur, and his 
observations  are  confirmed  by  our  experiments.  In  animals  12 
and  13,  it  was  found  that  instead  of  hypertrophy  following  the 
lesion,  the  hearts  were  somewhat  smaller  than  the  average  for  the 
normal; viz. o.oo783 and  o.oo678. 
It has  already been  pointed  out  in  a  previous  paper  (I 5)that  a 
regulating  mechanism  is  called  into  play  after  the  production  of 
aortic insufficiency, whereby the increased work thrown on the heart 
during  diastole  can  be  minimized  by the  lowering  of  the  diastolic 
blood  pressure  from  dilatation  of  the  peripheral  arteries.  This 
self-regulation,  in  accordance  with  the  general  physiologic  phe- 
nomena,  is  likely to vary in  its  completeness,  and  it is  possible that 
the  absence  of  hypertrophy  in  cases  of  aortic  insufficiency  is  to 
be  explained  by  assuming  that  the  self-regulating  mechanism  is 
so  complete  that  little  or  no  additional  work  is  required  of  the 
heart. Hugh A. Stewart.  195 
While the explanation of hypertrophy of the left ventricle, given 
above, seems rational in view of the recent facts which have come 
to  light  concerning the  pathological  physiology  of  aortic  insuffi- 
ciency, yet it must be admitted that it is not in itself complete,  for 
we have still to account for the hypertrophy, in varying degrees, of 
all  the  cardiac  segments  which  results  from  insufficiency of  the 
aortic valves alone.  Table III shows that the interventricular sep- 
tum increased 33.7 per cent. in weight after the production of aortic 
insufficiency.  This increase may be accounted for by the  fact that 
the septum contains fibers belonging to both the right and left ven- 
tricles and that only the latter have undergone hypertrophy.  After 
aortic insufficiency, the section weight of the left ventricle amounts 
to  o.oo5oi  as  compared with  o.oo3I 5  in  the normal--an  increase 
of  59.3  per  cent.--while  the  corresponding  increase,  as  already 
mentioned in  the case of the septum,  is  only 33.7  per  cent.  The 
degree of hypertrophy is  thus  roughly proportional  to  the number 
of  fibers  acted  upon  by  the  diastolic  tension.  In  a  similar  way, 
the  slight  increase  in  the  right  ventricle,  lO. 7  per  cent.,  may be 
attributed  to  the  involvement  of  those  fibers  common  to  both 
chambers. 
But  how  are  we  to  account  for  the  very  distinct  hypertrophy 
which  our  figures  show  exists  in  the  auricles?  The  normal  sec- 
tional weight of the auricles in our series is o.ooo8o, but,  after the 
production of aortic insufficiency, this proportion is seen to  rise to 
o.ooi2o, an increase of 5  °  per cent.  Previous work in other animals 
makes it beyond dispute that the facts have been correctly observed. 
It was found by Hasenfeld and Romberg (18)  in a large percentage 
of their rabbits,  and the protocols of Stadler  (19),  who also used 
rabbits,  show  a  hypertrophy of  the  auricles  in  all  of  his  animals 
except  one. 
The question could be most  effectively and  simply answered on 
the assumption that the hypertrophy of the chamber is the result of 
a  relative mitral insufficiency.  It  has  already been  shown experi- 
mentally  that  a  mitral  insufficiency  can  very  readily  develop 
and pass off again during the course of a  single experiment.  These 
transient  insufficiencies are now  known to  be caused  by a  loss  of 
ventricular tone.  But in our experiments, every animal was care- 196  Contribution  to the Study  of Cardiac Hypertrophy. 
fully auscultated for evidence of mitral insufficiency, and it was only 
in two cases that a mitral systolic murmur could be detected.  After 
opening the chest of several of our animals,  the heart was ausculted 
directly,  but  with  negative  results  as  far  as  a  mitral  murmur was 
concerned. 
We also observed the condition of the auricles,  especially  the left 
one,  with  a  view  to  determine  whether  they  were  unduly  dis- 
tended.  In none  of  our animals  was  there  evidence  of  distension 
such  as  would  be  caused  by  an  increased  auricular  pressure.  We 
must conclude,  therefore,  that an explanation  other than  mitral  in- 
sufficiency  must be  sought  for  the  hypertrophy  of  the  auricles  in 
aortic  insufficiency. 
Rosenbach  (20)  and Senator  (2I)  explained  the  hypertrophy  of  the  auricles 
and  right  ventricle  on  the  assumption  that  the  more  actively  contracting  left 
ventricle  drives  more  blood  into  the  coronary  arteries  and,  as  a  result  of  the 
increased  nutriment  thus  conveyed  to  the  heart,  the  musculature  undergoes 
hypertrophy.  It  is  unnecessary  to  comment  further  on  this  hypothesis  as  it  is 
now  well  known  that  a  mere  increase  in  blood  supply  will  not  of  itself  cause 
hypertrophy. 
Hasenfeld  and  Romberg,  in  seeking  to  explain  this  condition,  discuss  two 
possibilities.  The  left ventricle may  not be  able to  dilate  sufficiently to  accom- 
modate  the  blood  which  has  regurgitated  from  the  aorta  together  with  the 
normal quantity  from the auricle,  the outflow  from  the  latter  is  impeded  in this 
way  and  the  work  of  the  left  auricle  is  thus  increased.  This  hypothesis  was 
tested  experimentally  on  the  models  of  yon  Basch  (22)  and  of  Moritz  (23). 
In  yon  Basch's  model,  after  the  production  of  an  insufficiency,  "the  left  ven- 
tricle" could  not  expand  sufficiently and  there  immediately  followed  "a  dimin- 
ished  outflow  from  the  left  auricle."  This,  however,  did  not  occur  if  the  dis- 
tensibility of  the  "left  ventricle" was  increased  as  in  Moritz'  model. 
On  analysis  this  argument  is  found  to  be  insufficient  to  account  for  the 
facts.  Apart from the consideration that it is based on experiments with models 
which,  however  intricately constructed,  cannot be  made  to  simulate  the  adapta- 
bility  of  the  heart  to  the  varying  external  and  internal  conditions,  it  is  pos- 
sible  to  adduce  evidence  that  will  directly  controvert  this  argument.  In  the 
first  place,  the  amount  of  regurgitated  blood  in  a  case  of  complete  section  of 
an  aortic  cusp  does  not  amount  to  more  than  a  fraction  of  a  cubic  centimeter 
of  blood.  This  was  first proved by the author  (24)  and  was  subsequently con- 
firmed  by  Zollinger  (25)  by  plethysmographic  records  of  the  ventricles.  After 
the production of  aortic insufficiency, if the tone of  the ventricles is maintained, 
there  is  only  a  very  slight  increase,  never  amounting  to  one  cubic  centimeter 
of blood, in the amount of systolic output of the ventricles.  So small an amount 
could  in  no  way  impede  the  outflow  from  the  auricle.  The  only  conceivable 
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in  the  ventricle transmitted  from the  aorta  during  diastole.  But  it has  already 
been shown in the work of Henderson  (26)  that normally the ventricle has  filled 
in  the  early phase  of  diastole,  and  the  filling,  therefore,  must  occur  with  very 
great  rapidity.  Notwithstanding  the  difference between the  pressure  in  the  left 
auricle  and  in  the  aorta,  the  great  disparity  between  the  auriculo-ventricular 
opening and that produced by division of an aortic valve, will allow the ventricle 
to  be  filled normally  from  the  auricle  before  any  appreciable  pressure  can  be 
transmitted  from  the  aorta.  Furthermore,  it  has  not  yet  been  shown  whether 
there  is  a  definite  rise  of  auricular  pressure  after  the  production  of  aortic in- 
sufficiency.  On  the  other  hand,  Hasenfeld  and  Romberg bring  up  the  question 
as  to whether the  overstretching of the  ventricnlar wall may inter/ere with  the 
completeness of auricular  systole, the  increased amount  of residual blood in the 
ventricle  impeding  the  normal  outflow  from  the  auricles.  That  this  argument 
is irrelevant is proved by the fact that it has  been shown that there is no increase 
of  residual  blood  in  the  left  ventricle after  insufficiency.  On  the  contrary,  the 
amount  of the residual blood is less than  normal. 
It would appear, then, as if a  solution of the problem of the con- 
comitant  hypertrophy  of  the  auricles  must  be  sought  for  in  an 
entirely different direction,  and  with  this  aim  in  view  a  series  of 
experiments was performed in order to ascertain the cause of auric- 
ular  co-hypertrophy. 
THE  CAUSE  OF  AURICULAR C0-HYPERTROPHY. 
From the work  of  Hirsch  (27)  and  others,  we  know  that  the 
hypertrophy of chronic interstitial nephritis  involves all  the cham- 
bers of the heart.  Without entering into a discussion of the causes 
which increase the work of the heart in this condition (an increased 
peripheral  resistance or  an  increased viscosity of the blood),  it  is 
evident that  these  causes  are operative primarily on  the  left ven- 
tricle and the arterioles.  No pathological  factor has  been discov- 
ered which, in this  disease,  can augment the work of the auricles. 
In the same way, the cardiac hypertrophy associated with arterio- 
sclerosis  without  valvular  disease,  while  more  especially affecting 
the left ventricle, is present also in the auricles, as is  shown in the 
table  which has  been taken  from Hirsch's  (27)  work. 
In  no  way  can  it  be  held  that,  in  the  hypertrophy of  chronic 
nephritis and arteriosclerosis, the passage of blood from the auricles 
to  the ventricles  is  impeded to  such  an  extent  that  the  attendant 
hypertrophy of the auricles is to be explained by this factor.  From 
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TABLE  IV. 
Body  Heart weight  Auricular  Right ventricle  Left ventricle  Septum weight 
weight in  weight in  weight in  .  No]  weight in  in grams,  m grams.  grams,  grams,  grams,  grams. 
7 
8 
9 
Io 
II 
I2 
I3 
"r 4 
I5 
x6 
x7 
r8 
x9 
20 
46 
93 
60 
37 
5t 
59 
29 
39 
42 
49 
60 
45 
7I 
44 
258  (230.2) 
263  (376.3) 
277  (264) 
355  (I93.3) 
376-5 (264.2) 
244.5 (264.3) 
2x5  (I33.5) 
245  (r93.3) 
246  (230) 
316  (230.2) 
570  (264.3) 
267  (230) 
334  (322-3) 
216  (230.2) 
46  (44) 
56  (5o.4) 
50  (44.9) 
43  (35.I) 
46  (5o.4) 
49.5  (55.6) 
41.5  (3I-5) 
47  (31.5) 
39  (39.4) 
42  (39.4) 
74  (44) 
49  (36.9) 
55  (50.4) 
39.5  (31.5) 
56  (47.I) 
46.5 
60  (49.7) 
55  (40.4) 
64  (55.6) 
44-5  (55.6) 
4 r  (28.9) 
42.5  (37.7) 
52  (47.I) 
rOI-5  (47.I) 
84  (55.6) 
56  (4  I-9) 
45  (66.i) 
45  (41.9) 
87  (84.5) 
86.5 
Io7  (92.7) 
I64  (75.7) 
I56.5 (IO3.4) 
9o.5 (Io3.4) 
76.5 (52.9) 
9r.5 (66.8) 
95  (84.5) 
96.5 (84.5) 
25I  (IO3.4) 
IOI  (79.9) 
I63  (I31.3) 
74  (79-9) 
69  (63.2) 
74 
60  (65.9) 
93  (54-7) 
III  (73-9) 
6o  (73.9) 
56  (4o.3) 
64  (5o.4) 
6o  (63.2) 
76  (63.2) 
I6I  (73.9) 
6o  (57-5) 
7I  (9o.5) 
57.5  (57-5) 
The  figures  in  parenthesis  represent  the normal  weight  (for  the correspond- 
ing  segment)  for  the  given body  weight. 
evidence that  any condition  which augments  the  work of the left 
ventricle alone can cause hypertrophy of the auricles without, at the 
same  time,  altering  the  dynamics  of  the  circulation  whereby  an 
impediment is offered to their normal action.  If our fundamental 
conception of the cause of hypertrophy, namely, that it is the result 
of increased work, is correct, we must infer that, in such conditions 
as those described above,  there is an increase in the force of auri- 
cular contraction without any discoverable change in the  relations 
of  the  venous  and  arterial  pressure  such  as  would  augment  the 
work demanded of them.  This inference has been subjected to an 
experimental test in the following series of experiments. 
THE  EFFECT  OF  INCREASED  VENTRICULAR  CONTRACTION  ON 
AURICULAR  CONTRACTION. 
Two methods have been adopted to increase primarily the  force 
of  ventricular  contraction,  namely,  compression  of  the  thoracic 
aorta and the production of aortic insufficiency.  In the first condi- 
tion, the stimulus which incites the left ventricle to increased work 
is  the augmented resistance offered to  the systolic output.  In the 
case of aortic insufficiency, the stimulus lies in the transmission to 
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In plate VII, Fig. 2, a  simultaneous record was taken of the con- 
tractions  of the right  auricle,  by the suspension method,  and of the 
blood pressure in the right  carotid artery.  At the point marked X, 
the thoracic aorta was compressed in order to increase the resistance 
to  be  overcome  by  the  left  ventricle  during  systole.  The  blood 
pressure,  of  course,  rose distinctly,  but  the  record  shows  that  the 
amplitude of the auricular  contractions  also underwent an augmen- 
tation.  It is to be noted that after the relief of pressure, when pre- 
sumably the left ventricle  was beating less  forcibly than  it  did be- 
fore compression,  the  auricular  contractions  became diminished  in 
extent;  with  the  recovery of the  left  ventricular  contractions  and 
rise of blood pressure,  the  auricular  contractions  gradually  became 
stronger. 
That  there  is no  causal  relationship  between the  rise  of arterial 
blood pressure per se and the force of auricular contraction is shown 
in  plate  VIII,  Fig.  3-  The  upper curve .d  is that  of the  auricular 
contractions;  C  is  carotid  blood pressure;  B, base line;  T,  time  in 
seconds;  and  the  lowest  curve,  VP,  is  the  tracing  of  the  right 
auricular  blood pressure measured  from the  jugular vein.  At the 
point marked  O, the thoracic  aorta  was compressed and  there  was 
an  attendant  rise  in  arterial  blood  pressure  together  with  an  in- 
creased  force of  auricular  contraction.  The  curve  VP,  however. 
shows that there was no change whatever in the intraauricular  blood 
pressure.  This  tracing  is  of special  interest  also  in  that  it  shows 
the relations between a  diminished ventricular and auricular  systole 
and  the  intraauricular  blood  pressure.  At  the  point  X,  the  vagi 
were pinched and the effect was to lessen the force of both auricular 
and  ventricular  systole  without  any  special  change  in  rate---the 
inotrope effect of Engelmann.  This is seen to give rise to a distinct 
increase of venous pressure.  It will be noticed that the increase in 
amplitude  of the auricular  tracing  is almost  simultaneous  with the 
rise  of  aortic  pressure  and  is  maintained  as  long  as  the  aorta  is 
compressed.  It is, however, necessary to mention that  with a  pro- 
longed  compression  of the  aorta,  as  pointed  out by Bradford  and 
Dean  (28),  the ventricle becomes exhausted  and the arterial  blood 
pressure  falls,  and as a  result there is a  "back "  effect on the ven- 
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a  short  compression  as  we  have  used  in  our  experiments,  such  a 
condition  is  not established.  The  above  experiment,  then,  proves 
that the increased auricular contractions are independent  of changes 
in  venous pressure. 
It has been held  that  such an increased  resistance  to the  systolic 
output as occurs in chronic nephritis  may account  for the concomi- 
tant hypertrophy of the right ventricle and the auricles, in that there 
is  an  incomplete  systole  of  the  left  ventricle  and  the  increased 
residual blood dams back on the left auricle, thereby raising the pres- 
sure  in  the  pulmonary  circulation  and  the  work  of  the  right  ven- 
tricle.  This in turn  is assumed to embarrass the right  ventricle to 
such  an  extent  that  its  residual  blood  is  also  increased  and,  as  a 
consequence,  there  is  a  rise  in  the  pressure  of  the  right  auricle. 
That  such  an  explanation  is  entirely  erroneous  is  proved  by  the 
experiments  of Bradford  and  Dean,  who showed,  as already men- 
tioned, that there is no "back effect" on the pulmonary artery after 
the  compression  of  the  thoracic  aorta  unless  compression  is  pro- 
longed to the point of exhaustion of the left ventricle. 
The  effect  on  the  right  auricular  contraction  of  an "increased 
sYStole of the left ventricle can also be studied by the production of 
aortic insufficiency.  In this condition,  as previously explained,  the 
stimulus  to  increased  contraction  is  the  diastolic  tension  of  the 
aorta  transmitted  to the  ventricle  in diastole. 
Plate IX, Fig. 4  shows the effect on the contractions  of the right 
auricle  of an  insufficiency of the  aortic  walls.  The  upper  curve is 
the  auricular  contractions,  and  the  blood pressure  tracing  is  taken 
from the right carotid.  At the arrow, the posterior aortic cusp was 
divided.  The irregularity in the auricular curve previous to rupture 
of the valves results  from extra  systoles induced by the  placing  of 
the point of the valvulotome in the sinus of Valsalva.  The imme- 
diate effect of rupture of the valve is a rapid fall in pressure, and we 
have  invariably  found  that  this  sudden  drop  is  associated  with  a 
complete stoppage  of the ventricle  for a  second  or two.  There  is 
a  rapid  recovery of the blood pressure  to  a  level  somewhat below 
the  original,  and  the  pulsations  assume  the  character  of  the  well- 
known collapsing pulse of Corrigan. 
The auricular  contractions  show an augmentation  similar  to that Hugh A. Stewart.  201 
which occurs during aortic compression.  These results have been 
verified in six different experiments. 
To summarize our  results,  we find that when the  left ventricle 
is  incited to  increased contraction, there is  produced an  increased 
contraction of the right auricle, and also that the increased contrac- 
tions  of the auricle are not associated with a  change in  auricular 
pressure. 
We cannot at the present time offer an explanation of the physio- 
logical mechanism whereby the  auricles increase the  force of the 
contractions  in  sympathy  with  those  of  the  left  ventricle--the 
subject  is  at  present  under  investigation  and  the  results  will  be 
published  shortly.  So  far  as  we  have  gone,  we  have  obtained 
strong presumptive evidence that there exists an intracardiac reflex 
which maintains a  coordination in the force of systolic contraction 
between the chambers of the heart. 
We have, however, from these results a satisfactory explanation 
of the cause of auricular co-hypertrophy, provided, of course, that 
our original premise, that increased work is the stimulus to hyper- 
trophy, is correct. 
THE  RELATION  OF THE  ONSET  OF HYPERTROPHY  TO THE  DURATION 
OF THE  LESION. 
Tangl  (29)  thinks  thaf  he  has  adduced  evidence from  his  experiments  that 
the heart  does  not begin to hypertrophy  immediately after the production  of  an 
aortic  lesion,  but  only  dilates,  the  increased  work  being  undertaken  by  the 
reserve  power  of  the  heart  until  hypertrophy  is  established.  It  has,  however, 
been shown experimentally in a previous paper, that beyond a momentary dilata- 
tion  following the  production  of  the  aortic  lesion,  the  effect  of  a  destruction 
of  an  aortic  cusp  is  to  diminish  the  amounf  of  residual  blood  in  the  left ven- 
tricle at the end of the systole.  It was  then  shown that this  was  accounted  for 
by  the  stimulating  effect  of  tension  of  the  ventricular  walls  during  diastole. 
This  in  itself,  while  not  absolute  proof,  would  tend  to  indicate  that  hyper- 
trophy is a precursor to dilatation.  Tangl found that only after a certain period, 
nineteen  days,  does  the  musculature  of  the  ventricles  undergo  dilatation.  We 
have no  accurate method  for  determining whether the auricles or the ventricles 
show dilatation, since in normal animals the heart  at death  may be found widely 
dilated  or  contracted,  the  state  of  contraction  or  dilatation  being  determined 
solely by  the  stoppage  of  the  heart  either  in  diastole  or  systole.  It  is  of  im- 
portance,  therefore,  to  know  how  soon,  after  the  increased  work  is  thrown 
on  it,  the heart  gives evidence of the  reaction  of hypertrophy. 202  Contribution  to the Study  of Cardiac Hypertrophy. 
In planning  the present  series of experiments,  we had  taken  for 
granted the correctness of Tangl's statements ; namely, that a period 
of  at  least  three  weeks  was  necessary  for  the  establishment  of 
definite  signs  of hypertrophy,  and,  in  the  earlier  experiments,  our 
animals  were not examined until after the lapse of this period.  In 
the case of one animal which died at the end of one week, we were 
surprised  to find that  the proportional  weight  of the heart  showed 
a  very marked  increase above the normal.  This  induced us to kill 
several  of the  animals  at  gradually  shorter  periods  until  we  could 
arrive  at  the  point  where  the  enlargement  began  to  show  itself. 
The results are given in chronological order in table V. 
TABLE  V. 
The  Relation  of the Extent  of Hypertrophy  to  the Duration  of the  Lesion. 
A.  First  week. 
No.  Duration oflesion in  Propomional  weight. 
days. 
4 
20 
8 
14 
5 
IO 
0.00840 
0.00999 
0.00888 
0.0o957 
o.oIo3I 
O.OLO5O 
Average  .............................  0.00960 
Average increase per cent  ..............  33.I 
B.  Second and  third  weeks. 
7  II 
6  IS 
I3  I7 
2  I8 
I  20 
9  2I 
o.oi246 
0.00936 
0.00678  (no hypertrophy) 
0.00950 
0.00783  (no hypertrophy) 
0.00910 
O.OII6I 
Average ............................  0.00952 
Average increase per cent  ...............  32.o 
C.  Three  weeks  and  over. 
II  24 
I5  24 
3  27 
I6  28 
I7  28 
X8  56 
19  I20 
o.oio78 
o.oi378 
0.01322 
0.0II66 
O.OO867 
O.O1O69 
0.01003 
Average .............................  o.oii26 
Average increase per cent  .............  53.5 Hugh A. Stewart.  203 
Of special interest is the remarkable rapidity with which the heart 
hypertrophies  after  the  production  of  aortic  insufficiency.  This 
hypertropy is well established after one week, and at the end of five 
days there is sufficient evidence from the tables to show that even 
then the enlargement is in progress.  It will be recalled that Tangl 
was unable to detect any enlargement in the rabbit's heart before the 
nineteenth day,  although he  admitted that  he examined only two 
animals at a shorter period than this.  Further, a comparison of the 
duration of the  insufficiency with the  increase  in  average  weight 
shows that up to the seventh day following the insufficiency, there 
is "as much enlargment as at the end of the twentieth day.  Taking 
o.oo72I  as the average proportion of the heart weight in the dog, 
a  comparison of the figures in table V  shows that an insufficiency 
lasting seven days raises this proportion to o.oo96o, an increase of 
33.I  per cent.; while in seven animals, in which the lesion existed 
from eleven to twenty-one days, there is a  proportional weight of 
o.oo952, an increase of 32 per cent.  The increase in the two cases 
is so close as to be regarded as equal.  Beyond the twenty-first day, 
however, the corresponding proportion has increased to o.oi I26, an 
increase of 56.I per cent. above the normal. 
It  would seem that  there  are  two phases  in the growth  of the 
hypertrophic heart of the dog,  the first occurring during the first 
week of the conditions favorable to its development, and the other 
after the third week.  There is a period during the second week in 
which it is stationary as regards growth.  It is difficult to conceive 
that the very great rapidity of growth in the early stage of hyper- 
trophy is an identical condition with that which takes place in the 
developing heart.  An endeavor was made to obtain, from the liter- 
ature, figures bearing on the rate of growth in the embryonic heart 
which would serve as a standard for comparison with hypertrophic 
growth.  But  the  attempt  was  not  followed  with  success.  We 
know, however, from the careful histological work of Tangl, that 
the tissue  changes  in  the  hypertrophic heart  muscle are  identical 
with  the changes which are  to  be  recognized in  the physiological 
growth  of  the  heart.  His  curves  show  in  a  convincing manner 
that, both in physiological and in hypertrophic growth, the size of 
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it must be recalled that Tangl's observations were made not earlier 
than the nineteenth day, by which time, as our experiments show, 
there is a  change in the rate  of growth. 
To this stage of hypertrophy must also have belonged the hearts 
examined chemically by Bence (3 o)  and by Gerhartz  (3i).  They 
came to the conclusion that there is no discernible difference in the 
chemical composition or in the organic elements of the normal and 
the hypertrophic heart. 
In endeavoring to account for this phenomenon, it occurred to the 
author that its explanation might be forthcoming in the application 
of the important discovery made by Ranke  (32).  He  found that 
after  fatigue  the  molecular  concentration  of  a  muscle  changes, 
whereby the blood loses water and gains in solids, while the muscle, 
on the other hand, takes up water and becomes poorer in solids to a 
proportional degree.  Ranke attributed the increased absorption of 
water after  fatigue to an increased power of imbibition due to the 
presence of dissociated products of contraction.  The application of 
the laws of physical chemistry to biology by Loeb  (33),  Overton 
(34), H6ber  (35), and others, has resulted in the interpretation of 
the  increased  imbibition  as  an  increase  of  the  osmotic  pressure 
within the muscle as a  result of fatigue.  While Ranke's explana- 
tion  has  been  clothed  in  a  modern  nomenclature,  the  substantial 
truth of his observations has remained unquestioned and has been 
amply confirmed by a number of recent investigators, among whom 
may  be  mentioned  Sabbatani  (36),  Elizabeth  Cooke  (37),  and 
Fletcher  (38).  As  this  increased power of  imbibition  following 
activity has  not been proved  for  cardiac  muscle,  an  investigation 
was made of the water content of the hypertrophied muscle, espe- 
cially  in  the  early  stages  of  the  process,  in  order  to  determine 
whether the increase in volume of the heart after aortic insufficiency 
could be ascribed to this condition.  The results of the analyses are 
given in the following table. 
It will be recalled that Gerhartz had previously found no change 
in  the organic constituent of hypertrophied heart  muscle,  and  an 
examination of his protocol shows that  in the water  content also 
there is  no appreciable difference between it and the normal.  In 
our results it will be noticed that in the hypertrophic heart of over Hugh A. Stewart.  205 
TABLE  VI. 
Water Content  of Normal and  Hypertrophied  Heart Muscle. 
A.  Controls:  normal  hearts. 
Heart weight in grams.  Proportional weight.  Weight of dried sub-  Percentage of water.  stance in grams. 
39.6o 
64.45 
46.o5 
46.I5 
49.8o 
42.95 
0.00628 
0.00625 
0.00767 
0.00796 
0.00691 
0.00767 
8.936 
13.964 
9.807 
9.621 
11.ooo 
9.6oo 
77.5 
78.4 
78.7 
79.o 
78.o 
77.7 
Average ...............  o.oo7I 2  78.2 
B.  Hypertrophied hearts.  Duration of lesion five to  seven days. 
Duration in days.  Heart weight in  Proportional  Weight of dried sub-  Percentage of 
grams,  weight,  stance in grams,  water. 
5  49.5  0.00840  8.41  83.0 
6  53.46  0.00999  9.45  82.5 
7  40.0  0.00888  7.32  81.7 
7  51.7  0.00957  9.25  82.1 
7  65.0  O.OLO31  11.57  82.2 
Average  .......  0.oo943  82.3 
C.  Hypertrophied hearts.  Duration  over  three  weeks. 
Duration in days.  Heart  weight  Proportional  Weight of  dried  Percentage of 
in grams,  weight,  substance in grams,  water. 
24  51.0  0.01378  10.65  79.1 
56  52.4  0.01069  10.58  79.8 
24  42.05  0.01078  8.62  79.5 
11  62.30  0.01246  12.35  8o.1 
2I  45.30  o.o1161  9.1o  79.9 
16  68.25  O.OlO5O  12.91  81.o 
Average .......  o.oi I64  79.9 
D.  Comparison  of  results. 
i  Proportional  Increase per  Percentage  Increase per 
weight.,  cent. __in  weight,  of water,  cent. of water. 
Normal ...................  0.00712  78.2 
Early hypertrophy ..........  o.0o943  32.4  82.3  4.1 
Late hypertrophy  ...........  0.01164  I  63.6  79-9  1.7 
three weeks duration there is  a  corroberation of Gerhartz's  obser- 
vation. 
In table VI are given (I)  the weight of the moist heart;  (2)  the 
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hypertrophy present;  (3)  the weight of the  dried heart  substance; 
(4)  the percentage of water. 
In  table  VI,  under  A,  are  given  the  figures  for  normal  hearts; 
under  B,  the  corresponding  figures  for the  hypertrophic  heart  for 
lesions of seven days or less duration;  and under C,  similar  figures 
for lesions of over eight days duration.  These  figures clearly bear 
out the  fact that  there  is a  distinct,  although  small,  increase  in the 
water content of the early hypertrophic heart.  In the normal heart 
our results show an average of 78.2 per cent. of water,  while up to 
the  eighth  day  following  aortic  insufficiency  the  average  for  five 
hearts  is 82. 3 per cent.,  an  increase  of 4.1  per cent.  in  the  amount 
of water.  However, where the lesion has been of longer duration 
than  eight  days,  the  water  content  has  fallen  to  79-9,  so  close  to 
normal  as to  render  the difference negligible. 
How then are these results to be interpreted?  Is a  difference of 
4.I per cent. distinct enough to justify us in concluding that there is 
an increased absorption of water in the early stage of hypertrophy ? 
The  small variation  in the  individual  figures  in  the  respective con- 
ditions, and the fact that very great care was taken to prepare  each 
heart  for  chemical  examination  in  such  a  way as  to  preclude  any 
possibility of an error arising from this source, convinces the author 
that  the  figures  represent  the  actual  condition  of  affairs.  It  is 
necessary, however, to enquire  whether the increased  absorption of 
water  will  account  for  the  total  increase  of  weight  of  the  hyper- 
trophic heart at this  stage.  This can be ascertained  approximately 
by a  comparison  of  columns  2  and  4  of  controls  with  the  corre- 
sponding  columns  in table VI,  B.  The  proportional  weight  of the 
hypertrophied  hearts  amounts  to o.oo934,  an  increase  of  32.4  per 
cent., while in the case of the water content of the same hearts,  the 
increase  is  only 4.1  per cent.  (table  VI,  D).  These  results,  then, 
can  be  interpreted  in  only  one  way;  namely,  that  the  increase  in 
weight  of  the  heart  after  the  production  of  aortic  insufficiency  is 
not dependent entirely on an absorption of water. 
The  discovery of the increased  power of muscle to imbibe water 
after activity and  fatigue, induced Loeb (39)  to advance the theory 
that  the  process  of  hypertrophy  is  dependent  upon  an  increased 
osmotic pressure.  Loeb holds  that  the  absorption  of  water  is  the Hugh A. Stewart.  207 
primary process in the mechanism of hypertrophy.  The stretching 
and increase in volume of the protoplasm of the muscle fibres which 
result from this is followed by a  deposition of new material.  That 
there  is  an  altered  relation between the intake  and  the  output of 
water in the overacting heart, as well as in the skeletal muscle, seems 
certain from our results, but from the present state of our knowl- 
edge,  it  is  impossible to  say  whether  or  not  this  is  the  primary 
process of hypertrophy.  It will be recalled, however, that Daven- 
port  (40)  studied the water content of frogs' eggs at different pe- 
riods after the commencement of their development and found that 
growth after the first fourteen days consisted almost entirely of an 
increase in water.  During this period the water content increases 
from 56 to  96 per cent.  and  gradually diminishes again  with the 
active  formation of protoplasmic substance.  While,  therefore,  as 
mentioned above, the increase in the weight of the heart in the early 
stage  of  hypertrophy  is  due  only  in  part  to  an  increased  water 
content, it would seem that the altered intake and output of water 
has  an  important  bearing  on  both  physiologic  and  hypertrophic 
growth. 
CONCLUSIONS. 
I.  Hypertrophy induced by the production of aortic insufficiency 
involves all the chambers of the heart.  The greatest  absolute  in- 
crease in weight is in the left ventricle.  The remaining segments, 
arranged  in the order of  decreasing increments are  septum,  right 
ventricle, and auricles.  The greatest relative increase is also in the 
left ventricle, but the auricles show a  relative hypertrophy greater 
than that of the septum or right ventricle. 
2.  The  co-hypertrophy of  the auricles  is  not  due to  an  altered 
venous pressure, but  results  from an  increased  force of  auricular 
systole. 
3.  The heart shows an increase in weight within one week after 
the production of  aortic  insufficiency.  The  increase  in  weight  is 
due only in part to an increased water content. 
The writer has pleasure in acknowledging the valuable assistance 
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EXPLANATION  OF  PLATES. 
PLATE VI. 
Fro.  I.  A  semi-diagrammatic representation of the nature of the lesion pro- 
duced by  the  valvulotome. 
PLATE VII. 
FIG. 2.  Effect  of  aortic  compression.  Note  increase  of  auricular  con- 
tractions  during  compression  and the  diminution  in  size  after  the compression 
is  relieved. 
PLATE VIII. 
FIG. 3.  Effect  of  aortic  compression  on  auricular  contractions,  blood 
pressure,  and  right  auricular  pressure.  A :  right  auricular  contractions;  C: 
carotid blood pressure ;  B :  base line;  T :  time in  seconds ;  VP =  right auric- 
ular  blood pressure.  At  X,  vagi were  pinched  and  produced  a  weakening  of 
ventricular  and  auricular  contractions  with  rise  in  venous  pressure.  At  0, 
aorta  was  compressed.  Note  increase  of  auricular  contractions  with  no  rise 
in  right auricular pressure. 
PLATE  IX. 
FIG. 4.  Production  of  aortic  insufficiency.  RA ---- right  auricular  con- 
tractions;  C----carotid blood pressure.  Insufficiency produced  at  ---->  Note  in- 
crease in auricular contractions. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  Xlll.  PLATE  Vl. 
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